This article reviews the literature on learning and memory in the soil-dwelling nematode Caenorhabditis elegans. Paradigms include nonassociative learning, associative learning, and imprinting, as worms have been shown to habituate to mechanical and chemical stimuli, as well as learn the smells, tastes, temperatures, and oxygen levels that predict aversive chemicals or the presence or absence of food. In each case, the neural circuit underlying the behavior has been at least partially described, and forward and reverse genetics are being used to elucidate the underlying cellular and molecular mechanisms. Several genes have been identified with no known role other than mediating behavior plasticity.
Historically, it was believed that even if they were capable of learning, the nervous systems of invertebrates were too different to be instructive on human cognition. In the 1960s, Kandel and colleagues began studying learning in the marine mollusc Aplysia (Kandel and Tauc 1965) . Using this system, they were able to relate behavioral plasticity to changes at specific synapses of identified neurons, and began a biochemical analysis of these neuronal changes, uncovering a role for cAMP, PKA, and CREB. In the 1970s, Benzer and colleagues began a genetic dissection of learning in the fruit fly Drosophila melanogaster (Quinn et al. 1974; Dudai et al. 1976) . They established an associative learning assay (Quinn et al. 1974 ) and conducted a forward genetic screen, identifying the first learning mutant, dunce (Dudai et al. 1976 ). Since then, many genes have been cloned, and the biological basis of learning has proven to be highly conserved (Barco et al. 2006; Skoulakis and Grammenoudi 2006) . Today there is no question as to the relevance of invertebrate research in the field of learning and memory.
At about the same time that Kandel was beginning his work with Aplysia, Sydney Brenner chose Caenorhabditis elegans as the organism in which to study development and the nervous system (Brenner 1974) . Today this transparent nematode is the world's best understood animal. It's small size ( 1 mm), short life cycle (,3 d), and ease of cultivation make it perfect for the laboratory, and its mode of reproduction is ideal for genetic analysis-selffertilizing hermaphrodites can be easily inbred or crossed with males. The genome has been mapped and sequenced, and there are thousands of mutants and RNAi constructs readily available for researchers. Furthermore, C. elegans has an invariant cell lineage and relatively simple morphology-959 cells make up the entire adult hermaphrodite (Sulston and Horvitz 1977; Sulston et al. 1983) . Using serial section electron micrographs, White et al. (1986) were able to construct a neural wiring diagram of the hermaphrodite's 302 neurons. They found about 5000 chemical synapses, 600 gap junctions, and 2000 neuromuscular junctions, the location of which were fairly consistent between animals. With its invariant cell lineage and reproducible connectome, C. elegans was initially viewed as a genetically hardwired automaton that could swim forward or backward. It has since proven to be exquisitely sensitive to its environment, displaying remarkable behavioral plasticity. Here we review the literature on learning and memory in C. elegans. The paradigms covered can be roughly divided into three sections: nonassociative learning, associative learning, and imprinting. The first section outlines the work that has been done on the first form of learning characterized in C. elegans-habituation, which is subdivided into short-term, long-term, and context-dependent memory. The section on associative learning highlights the worm's ability to learn and remember relevant environmental stimuli, including smells, tastes, temperatures, and oxygen levels, and the last section describes the formation of imprints during larval development. The strength of C. elegans for learning and memory studies will be evident as findings are discussed from the level of genes, circuits, and behaviors. We have tried to include all relevant publications and apologize for any unintentional omissions.
Nonassociative learning Mechanosensory habituation
Short-term memory Rankin et al. (1990) were the first to characterize learning and memory in C. elegans. They studied plasticity of the "tapwithdrawal response" (TWR), a behavior whereby worms swim backward in response to a nonlocalized mechanical stimulus generated by tapping the Petri plate containing the worm. The magnitude of this reversal response is around 1 mm (roughly the length of the worm), but this can change with experience. Repeated administration of the tap results in a decrement of both the amplitude and the frequency of the response (Fig. 1A) . Rankin et al. (1990) showed that a dishabituating stimulus (brief electric shock) facilitated the decremented response, suggesting that the decrement was due to habituation and not sensory/ motor fatigue or adaptation. As in other organisms, habituation and spontaneous recovery from habituation were dependent upon the interstimulus interval (ISI), prompting Rankin and Broster (1992) to hypothesize that there were multiple molecular mechanisms underlying habituation. Shorter ISIs resulted in faster and deeper habituation, as well as faster recovery. ISIdependent recovery from habituation is seen in other organisms and serves as an additional way to distinguish habituation from sensory adaptation or fatigue. With a highly characterized tap habituation behavioral paradigm, it was now possible to use the power of C. elegans to investigate the mechanisms underlying habituation.
The first step was to identify the neural circuitry underlying the TWR. In 1985, Chalfie et al. used laser ablation to determine which neurons were mediating the worm's reversal response to anterior touch and its forward acceleration response to posterior touch. The nonlocalized mechanical stimulus from a tap activates both the anterior and posterior mechanosensory neurons. Using the circuits described by Chalfie et al. (1985) in conjunction with the neural wiring diagram (White et al. 1986 ), Wicks and Rankin (1995) identified the mechanosensory cells (ALM, AVM, PLM, and PVD) and interneurons (AVD, AVA, AVB, PVC, and DVA) mediating the TWR. Ablation of the posterior touch cells (PLML/R) resulted in worms that always reversed to tap, while ablation of the anterior touch cells (ALML/R and AVM) resulted in worms that always accelerated forward in response to tap. Thus, the TWR arises from an integration of two competing subcircuits. By ablating the anterior touch cells or the posterior touch cells, Wicks and Rankin (1996) showed that the behavioral output of each subcircuit habituated with repeated stimulation. Importantly, the acceleration and reversal responses habituated with distinct kinetics that integrated in a manner consistent with tap habituation in the unablated animal. Kitamura et al. (2001) studied habituation of the anterior subcircuit by repeatedly touching the anterior half of the worm with an eyelash. They found that the kinetics of habituation at a 15-sec ISI was unaffected by the loss of AVA, AVB, or PVC interneurons, but the loss of AVD resulted in faster habituation.
With a well-defined neural circuit underlying the behavior of interest, the next step was to localize the site of plasticity. Downstream from the mechanosensory neurons, the interneurons and motor neurons underlying the TWR largely overlap with those mediating spontaneous reversals for exploration and reversals induced by a thermal stimulus (Gray et al. 2005) . In fact, the AVD, AVA, AVB, and PVC, interneurons are required for coordinated forward and backward movement and have been called the command interneurons by Chalfie et al. (1985) . Wicks and Rankin (1997) tested whether repeated administration of tap also decremented other types of reversal behaviors. They found that tap habituation training had no effect either on the frequency or magnitude of spontaneous reversals or on the magnitude of reversals elicited by a heated probe. This suggests that the locus of mechanosensory habituation is in a part of the circuit unique to the TWR, i.e., the touch cells and/or the synapses between the touch cells and the interneurons. Now the hunt for the underlying molecular mechanism could begin.
In 2003, Suzuki et al. demonstrated that repeated activation could alter the response properties of the mechanosensory neurons. Using the genetically encoded calcium reporter, cameleon, they found that repeatedly poking the anterior of the worm with a glass probe resulted in a cell-wide reduction in calcium response in the anterior touch cell, ALM (Fig. 1B) . A similar reduction in calcium response was seen following repeated stimulation of the posterior touch cell, PLM (Kindt et al. 2007 ). Thus, attenuation of touch cell excitability with repeated activation correlates with decreased behavioral responding from tap habituation. To test if habituation arose from a desensitization of the mechanoreceptor, O'Hagan et al. (2005) used whole-cell patch-clamp recording to measure mechanoreceptor currents in the posterior touch cell, PLM. They found that repeatedly poking the cell body with a glass probe had no effect on the touch-evoked mechanoreceptor current. This finding suggests that the site of mechanosensory habituation is downstream from mechanotransduction.
A recent study provides a potential mechanistic link between repeated activation of touch cells and the decremented calcium current described by Suzuki et al. (2003) . Cai et al. (2009) 
and an accessory subunit (mps-1) with a role in regulating touch sensitivity. Expressed in the anterior (ALM) and posterior (PLM) touch cells , mps-1 encodes a single-pass transmembrane protein belonging to the vertebrate KCNE family of proteins that modulate poreforming K þ channels. mps-1 loss-of-function mutants exhibited a decreased TWR compared with wild-type worms, a phenotype that could be rescued by expressing either wild-type MPS-1 or a transgenic version with an inactivated kinase domain (Cai et al. 2009 ). Although they had a wild-type TWR, the worms with inactivated MPS-1 were deficient in habituation to tap at both short and long ISIs, requiring 10 times more taps to habituate and recovering almost instantaneously (Cai et al. 2009 ). Cai et al. (2009) showed that MPS-1 kinase activity inhibited SHW-3 K þ currents and that the two proteins formed a complex in touch cells. They propose that repeated activation of the touch cells results in autophosphorylation of the SHW-3-MPS-1 complex, thus diminishing K þ flux and prolonging the duration of mechanoreceptor potentials. This would slow the recovery from inactivation of EGL-19 (the L-type calcium channel mediating touch-evoked calcium currents) (Suzuki et al. 2003 ) and dampen cell excitability. Consistent with this model, shw-3 loss-of-function mutants had a diminished TWR, as though they were already habituated. How the kinase activity of mps-1 is activated by repeated mechanical stimulation is unknown. Rankin and Wicks (2000) found that disrupting glutamate neurotransmission also altered habituation to tap. eat-4 encodes the C. elegans ortholog of the mammalian vesicular glutamate transporter (VGLUT1) and is expressed in several neurons, including the touch cells underlying the TWR (Lee et al. 1999 ). Loss-of-function eat-4 mutants had a wild-type TWR but habituated to tap more quickly at both a 10-and 60-sec ISI and failed to dishabituate following a brief electric shock. This suggests that modulation of glutamate release is an important component of mechanosensory habituation, perhaps downstream from cell excitability or as part of a parallel pathway. Forward genetic screens will help to identify other components underlying mechanosensory habituation. One such screen was conducted by Xu et al. in 2002 , but the mutant phenotypes have yet to be mapped to genes.
Long-term memory
Under the appropriate training regime, worms show long-term memory for tap habituation (Beck and Rankin 1997) . Adult worms given four blocks (each separated by 1 h) of 20 taps at a 60-sec ISI had decremented TWRs when tested 24 h after training (Beck and Rankin 1995; Rose et al. 2002) . At this 24-h time point, there was no evidence for long-term retention of habituation in worms massed trained with 80 taps or worms given distributed training with a 10-sec ISI. The fact that a 60-sec, but not a 10-sec, ISI induced long-term memory supports the hypothesis of multiple mechanisms of habituation. As would be expected for long-term memory, blocking protein synthesis during training (with heat shock) blocked consolidation of the memory (Beck and Rankin 1995) . Long-term habituation was also sensitive to reconsolidation blockade-habituated worms given reminder taps followed by heat shock lost the memory of habituation training (Rose and Rankin 2006) . These data suggest that long-term mechanosensory habituation shares features of long-term memory described in other organisms.
In mammalian systems, changes in glutamate receptor expression have been proposed as a mechanism of memory formation (Lüscher and Frerking 2001; Malinow and Malenka 2002) . Rose et al. (2003) showed that the AMPA-type glutamate receptor subunit, GLR-1, was required for long-term habituation-glr-1 loss-of-function mutants habituated but did not retain decremented responses. Rose et al. (2003) monitored GLR-1 levels in a transgenic worm strain in which GLR-1 was fused to GFP (GLR-1::GFP). They found that long-term habituation was associated with a significant reduction in the size, but not the number, of the GLR-1::GFP clusters in the posterior ventral nerve cord (Fig. 2) . The majority of these clusters are thought to be postsynaptic elements because they colocalize with presynaptic markers (synaptobrevin and a vesicular glutamate transporter) (Rongo et al. 1998; Burbea et al. 2002) . Of more than 15 classes of glr-1 expressing neurons, at least seven have processes extending to the posterior ventral nerve cord, with the majority of the synapses belonging to the interneurons implicated in the TWR circuit. The decrease in GLR-1::GFP expression associated with long-term habituation is likely occurring at these synapses. Thus, it is hypothesized that short-term habituation is mediated by multiple mechanisms in the touch cells and long-term memory is linked to changes in the strength of the glutamatergic synapses in the interneurons. Ebrahimi and Rankin (2007) studied the effects of early habituation training on adult behavior. They stimulated various aged larvae with five blocks (separated by 1 h) of 20 taps at a 60-sec ISI. They found that training in the first of four larval stages (L1) led to larger TWRs in young adults, but smaller responses in older worms, compared with untrained controls. As in the longterm habituation paradigm described above, this effect was dependent upon glr-1. Furthermore, both glr-1 mRNA levels and GLR-1::GFP cluster size correlated with TWR magnitude. Interestingly, stimulating worms later in larval development had no effect on the TWR of young adults but still decremented the response of older adults. Adults massed trained in L1 with a tap a minute for 100 min did not differ from unstimulated controls, nor did those receiving distributed training with a 10-sec ISI. The decrement of the tap response observed in older adults was sensitive to reconsolidation blockade while the facilitation observed in young adults was not, suggesting that these two processes were mediated by different mechanisms. This study demonstrates that larval stimulation can affect adult behavior, but the effect depends on the timing and pattern of stimulation. Emtage et al. (2009) also studied the effects of early patterned stimulation on adult behavior and identified a gene mediating changes in AMPA receptor localization. They trained L1 larvae with seven blocks (separated by 1 h) of 15 taps at a 60-sec ISI. In contrast to Ebrahimi and Rankin (2007) , Emtage et al. (2009) found that young adults stimulated in L1 had a decreased TWR magnitude, as measured by the number of quarter body bends executed in the response. This discrepancy may be the result of a different training regime, rearing condition (208C vs. 258C), behavioral measure, or time of training/testing. Emtage et al. (2009) also looked at habituation and found that young adults stimulated in L1 stopped responding to mechanical stimuli more quickly than controls (a measure of response frequency rather than magnitude). Long-term memory of early training required glr-1, as well as a second AMPA-type glutamate receptor subunit, glr-2. Emtage et al. (2009) reported a significant increase in the number of GLR-2::GFP clusters in the anterior ventral nerve cord of young adults stimulated in L1 and showed that the scaffolding molecule, MAGI-1, interacted with the intracellular domain of GLR-2 to regulate AMPA receptor localization following habituation training.
Effect of context in short-term mechanosensory habituation
The kinetics with which worms habituate to tap is dependent upon the context in which the stimuli are given. In the laboratory, worms are reared on agar Petri plates with a bacterial food source. When tested in the absence of the bacteria, the proportion of worms responding to tap decreased more rapidly with repeated stimulation at a 10-sec ISI than did worms tested in the presence of bacteria, i.e., worms habituated to tap faster when stimulated off of food (note that in this case, the effect was on response frequency, there was no difference in habituation of response magnitude, suggesting that there is independent regulation of habituation of response frequency and response magnitude) (Kindt et al. 2007 ). Mutants in which dopaminergic signaling was disrupted habituated to tap with the rapid kinetics of wildtype worms tested off of food (Sanyal et al. 2004; Kindt et al. 2007) . It was hypothesized that the texture of bacterial lawns stimulated dopamine release, which altered the functional properties of the touch cells through the D1-like dopamine receptor, DOP-1 (Sawin et al. 2000; Sanyal et al. 2004; Kindt et al. 2007 ). Calcium-imaging experiments in various mutant backgrounds revealed that dopamine slowed the decrement of touch-evoked calcium currents in ALM via intracellular calcium release and PKC activity downstream from a Gq/PLC-b signaling cascade (Kindt et al. 2007 ). Thus, more rapid habituation kinetics in the Learning in C. elegans www.learnmem.org absence of food correlates with more rapid attenuation of ALM excitability.
The context in which habituation occurs can also influence behavior in subsequent tests. This reflects associative learning in the form of context conditioning. Rankin (2000) found that worms trained with 30 taps in the presence of a chemosensory cue (sodium acetate) showed increased retention of training when retested 1 h later in the presence of that same cue, compared with worms never exposed to the cue or those only exposed during training or testing. The enhanced memory required that the cue be predictive of the tap, as worms exposed to sodium acetate for 1 h before (CS-pre-exposure) or after (extinction) training showed no context conditioning. Colbert and Bargmann (1995) observed that continuous exposure of C. elegans to an attractive odorant eventually resulted in a loss of chemotactic response to that odorant. Unlike mammals, C. elegans olfactory neurons express many odorant receptors. Despite this, the loss of chemotactic response was odorant specific, suggesting it was not due to a cell-wide reduction in excitability. Interestingly, prolonged exposure to one odorant was actually shown to facilitate the chemotactic response to another odorant sensed by the same neuron (Colbert and Bargmann 1997) . The molecular mechanisms underlying olfactory adaptation have been intensely investigated and consist of several signaling cascades (Table 1) dependent on the odorant, neuron, and assay. These complex overlapping pathways demonstrate how a few neurons can be used to carry many signals.
Chemosensory habituation
To qualify as habituation (a form of nonassociative learning) and not sensory adaptation, the decremented response to a chemical cue should be readily reversible following a novel or noxious stimulus, that is, by a dishabituating stimulus. Thus, a habituated animal can still sense the stimulus but is attending elsewhere until the stimulus becomes relevant, whereas an adapted animal cannot sense the stimulus until it is removed and sufficient time has passed for recovery. Bernhard and van der Kooy (2000) demonstrated that worms both habituated and adapted to odorants. First, they showed that chemotaxis to a point source of diacetyl was diminished by pre-exposure to 0.001% or 100% diacetyl, but not 0.01% or 25%. Then they demonstrated that a dishabituating stimulus (centrifugation) returned to baseline the decremented response of worms pre-exposed to 0.001% diacetyl, but not those pre-exposed to 100% diacetyl, suggesting that worms habituated to 0.001% diacetyl and adapted to 100% diacetyl. Worms with a loss-of-function mutation in glr-1 failed to habituate to diacetyl, implicating the AMPA-type glutamate receptor subunit, GLR-1, in chemosensory habituation (Morrison and van der Kooy 2001) . Nuttley et al. (2001) showed that worms also habituated to benzaldehyde exposure, but glr-1 was not required (Morrison and van der Kooy 2001) . As Rankin and Wicks (2000) demonstrated with an electric shock following mechanosensory habituation, Nuttley et al. (2001) showed with centrifugation following benzaldehyde exposure: Wild-type worms dishabituate, but eat-4 loss-of-function mutants do not. This suggests some conserved mechanisms of nonassociative learning across modalities.
Effect of context on chemosensory habituation
As in mechanosensory habituation, there is an associative component to chemosensory habituation. Nuttley et al. (2002) showed that habituation to benzaldehyde was inhibited in the presence of food. This suggests a learned association, making worms less likely to ignore benzaldehyde if it is predictive of food. Serotonin signaling underlies many food-related behavioral changes and is likely the mechanism by which food is encoded as the unconditioned stimulus in many paradigms discussed below. Consistent with this role, exogenous serotonin inhibited habituation to benzaldehyde in the absence of food. Furthermore, the presence of food had no effect on the habituation of serotonin deficient mutants, cat-4 and tph-1 (Nuttley et al. 2002) . Following odorant habituation, expression of the learned behavior can be modulated by contextual cues present during conditioning. Law et al. (2004) found that worms exposed to an odorant in the presence of a taste cue showed enhanced retention of olfactory habituation when challenged in the presence of that same cue (Law et al. 2004) . Furthermore, Bettinger and McIntire (2004) demonstrated that worms previously adapted to an odorant under the influence of ethanol displayed decremented responses to that odorant only when intoxicated. Dopamine deficient cat-2 mutants were impaired in this state-dependent learning assay.
Associative learning
C. elegans exhibit a remarkable capacity to learn and remember the environmental features that predict good food, bad food, no food, or aversive stimuli; allowing worms to chemotax, thermotax, or aerotax to more favorable environments. This section discusses associative learning paradigms in which tastes, smells, temperatures, and oxygen levels are paired with various unconditioned stimuli.
Taste as the conditioned stimulus
Worms chemotax to various salts and water-soluble attractants, a behavior mediated mainly by the pair of ASE gustatory neurons (Bargmann and Horvitz 1991) . Residual responses to NaCl in the absence of ASE can be attributed to ASI, ASG, and ADF (Bargmann and Horvitz 1991) . Both Na þ and Cl 2 are chemoattractants; Na þ is sensed primarily by the left ASE neuron, ASEL, and Cl 2 primarily by the right one, ASER (PierceShimomura et al. 2001) . In choice tests between diffusive gradients of specific concentrations of Na þ and Cl
2
, naïve worms show no preference, migrating in equal numbers to both. However, Wen et al. (1997) employed a differential classical conditioning paradigm to show that preferences could change if one of the ions was paired with food or an aversive stimulus (i.e., garlic extract). Worms previously exposed to an ion in the presence of food preferentially migrated to it in the choice test, but worms previously exposed to an ion in the presence of garlic extract, preferentially migrated to the other ion. Control experiments showed that the learned preference and avoidance qualified as appetitive and aversive associative learning (respectively), as they required predictive pairing with the unconditioned stimulus, food or garlic. Wen et al. (1997) conducted a genetic screen and isolated the first learning mutants in C. elegans, lrn-1 and lrn-2. These mutants showed no detectable sensory impairment, but failed to respond to either appetitive or aversive conditioning. The mutations have yet to be mapped to genes.
In a different assay, Saeki et al. (2001) starved worms on plates with NaCl and then examined their propensity to migrate up a NaCl concentration gradient. They found that worms starved for 4 h on a plate containing NaCl migrated away from it in a subsequent choice test. The pairing of starvation with NaCl must have caused the aversion because animals starved on plates without NaCl did not develop it, nor did unstarved worms on NaCl containing plates. In addition to starvation, Hukema et al. (2008) demonstrated that worms could also learn to associate NaCl with aversive stimuli (glycerol or undiluted benzaldehyde).The switch of NaCl from attractant to repellent occurred gradually (maximizing after 4 h of starvation) and was readily reversible, within an hour if worms were starved in the absence of NaCl and within 10 min if NaCl was presented with food. Saeki et al. (2001) showed that learned aversion to NaCl generalized to other water-soluble attractants sensed by ASE, including cAMP, biotin, and lysine, suggesting that the changes were occurring at the cellular rather than the receptor level. Using a modified assay in which worms were soaked in a salt buffer without food for just 15 min, Jansen et al. (2002) and Hukema et al. (2006) identified several components of the molecular pathways acting in at least four sensory neurons to mediate learned NaCl aversion. Relevant molecules include Gg subunit GPC-1, Ga subunits GPA-1 and ODR-3, and TRPV channel subunits OCR-1, OCR-2, and OSM-9. In their model, initial NaCl attraction is mediated by ASE neurons, but prolonged exposure leads to the release of a signal from ASE that sensitizes the ASH, ADF, and ASI neurons (Fig. 3) . Hukema et al. (2008) implicated serotonergic, dopaminergic, and glutamatergic signaling in this process.
Interestingly, Vellai et al. (2006) found that male worms were less proficient at salt starvation learning than hermaphrodites. They proposed that this sex-based learning deficit was the result of reduced insulin/IGF-1 signaling. Consistent with this hypothesis, both Vellai et al. (2006) and Tomioka et al. (2006) demonstrated a role for insulin-like signaling in the modulation of NaCl preference. NaCl starvation conditioning was defective in worms with mutations in genes encoding homologs of insulin (ins-1), insulin/IGF-I receptor (daf-2), PI 3-kinase (age-1), phosphoinositide-dependent kinase (pdk-1), and Akt/PKB (akt-1). Using cell-specific promoters, Tomioka et al. (2006) showed that expression of daf-2 and age-1 in ASER, but not ASEL, was sufficient to rescue the learning deficit of the corresponding mutants, suggesting that the insulin-like signaling pathway was acting in ASER to modulate NaCl preference. They proposed the AIA interneurons as the source of the insulin-like peptide because INS-1 localized to their synaptic regions and killing them with a laser microbeam disrupted NaCl conditioning. In their model, insulin released by AIA interneurons provided feedback to ASER sensory neurons by activating the insulin/PI 3-kinase pathway (Fig. 3) . PI 3-kinases phosphorylate PIP 2 to PIP 3 , which activates PDK and Akt/PKB kinases. PTEN phosphatase, DAF-18 in C. elegans, catalyzes the opposite reaction: PIP 3 to PIP 2 . Loss of daf-18 function therefore results in elevated PIP 3 levels. Tomioka et al. (2006) showed that unconditioned daf-18 mutants already had an aversion to NaCl, suggesting PIP 3 may negatively regulate salt chemotaxis. In a suppressor screen for mutants reversing the NaCl aversion of daf-18 mutants, Tomioka et al. (2006) identified an egl-30 gain-of-function mutation. EGL-30 encodes G-protein subunit G q a, and in motor neurons, it was shown to positively regulate synaptic transmission (Lackner et al. 1999) . Tomioka et al. (2006) propose that it is a balance between insulin/PI 3-kinase signaling and DAF-18 activity that determines whether NaCl is attractive or aversive, perhaps by regulating synaptic output of ASER via EGL-30. This insulin-like signaling pathway is also involved in thermosensory associative learning (Kodama et al. 2006; see below) .
Although NaCl is used in salt conditioning assays, both the Na þ and Cl 2 ions are salient cues. Insulin-like signaling in ASER mediates NaCl starvation conditioning, presumably by modulating preference for the anion, but worms also learn to avoid Na þ ions. Recently, Fu et al. (2009) showed that learned Na þ (but not Cl 2 ) aversion required DKF-2, a member of the D kinase family. dkf-2 encodes two isoforms, DKF-2A, which is expressed predominantly in intestinal cells (Feng et al. 2007 ) and DKF-2B, which is expressed in about 20 neurons, including ASEL and downstream interneurons (Fu et al. 2009 ). Interestingly, both intestinal DKF-2A and neuronal DKF-2B were required for Na (Fu et al. 2009 ). DKF-2B could be mediating learned Na þ aversion by regulating synaptic output of ASEL (Fig. 3) , body cavity neurons, and/or interneurons. Testing candidate mutants of various upstream regulators, Fu et al. (2009) showed that salt conditioning activated DKF-2 via a pathway containing EGL-8, a DAG-producing PLC-b4 homolog and TPA-1, a DAG-activated PKC d-u homolog. Kano et al. (2008) proposed that retention of the learned NaCl aversion requires the NMDA receptor subunits, NMR-1 and NMR-2. Both nmr-1 and nmr-2 mutants learned to avoid NaCl after it was paired with starvation, but when left on the assay plate, these mutants accumulated at the NaCl point source more quickly than wild-type worms. This may have been the result of decreased retention of learned NaCl aversion or may have arisen from a locomotion phenotype, as nmr-1 mutants have been shown to have a lower probability of switching from forward to backward movement (Brockie et al. 2001) . Expression of NMR-1 in a single-pair of interneurons (RIML/R) was sufficient to rescue wild-type behavior in the NaCl conditioning assay (Fig. 3) .
Smell as the conditioned stimulus
Worms chemotax to volatile organic compounds released by their bacterial food source. Diacetyl is normally one such chemoattractant, but Morrison et al. (1999) showed that worms could learn to avoid it if it was previously presented with an aversive acetic acid solution. Conversely, Torayama et al. (2007) found that C. elegans became more attracted to butanone after pre-exposure to it in the presence of food, and Tsui and van der Kooy (2008) proposed that older worms displayed enhanced chemotaxis to benzaldehyde because of increased exposure to the pairing of volatile metabolites with the presence of an appetitive bacterial food source. Interestingly, increased attraction to benzaldehyde in aged worms was mediated by serotonin (Tsui and van der Kooy 2008) while butanone enhancement was not (Torayama et al. 2007 ), suggesting that there are multiple mechanisms for sensory integration. Zhang et al. (2005) demonstrated that worms could learn to avoid odors associated with pathogenic bacteria, preferring those associated with familiar nonpathogenic strains. Given a choice between a lawn of pathogenic bacteria and a lawn of nonpathogenic bacteria at opposing sides of an assay plate, naïve worms preferentially migrated to the lawns of some strains of pathogenic bacteria, but this changed with experience. Aversive conditioning to pathogenic bacteria occurred quite rapidly, requiring only a 4-h exposure to a pathogen. Using a four-choice maze with familiar and unfamiliar pathogenic and nonpathogenic bacteria, Zhang et al. (2005) showed that worms not only avoided known pathogens but also preferred known nonpathogens. Thus, there is an attractive and aversive component to food choice. Zhang et al. (2005) showed that infection, the unconditioned stimulus, was encoded by a serotonin signal from ADF. Serotonindeficient tph-1 (tryptophan hydroxylase) mutants had no learned bacterial preference, and worms exposed to exogenous serotonin learned to avoid pathogens faster. There are at least five serotonergic neuronal cell types in the hermaphroditic form of C. elegans, ADF, NSM, HSN, AIM, and RIH (Sze et al. 2000) . Rescuing tph-1 expression in ADF alone was sufficient to rescue learned aversion behavior, but not learned attraction behavior. Rescuing tph-1 expression in both ADF and NSM restored wild-type behavior, suggesting ADF controls food aversion behavior and NSM controls food attraction behavior. Zhang et al. (2005) observed elevated levels of serotonin in the ADF chemosensory neuron following pathogen exposure and showed that the increase was mediated by both transcriptional and post-transcriptional mechanisms. The serotonin-gated chloride channel, MOD-1, is the postulated target of the serotonin signal from ADF, as mod-1 loss-of-function mutants did not learn to avoid pathogens. mod-1 transgenic rescue strains suggest that the serotonin receptor can function in multiple interneurons to mediate food choice. In addition to pathogenicity, ease of ingestion also affects a bacterium's ability to support worm growth. Avery and Shtonda (2003) showed that small, nonsticky bacteria make for the best food. Prior experience with high-quality food made L1 worms more likely to explore when placed on a lawn of low quality food (nonpathogenic, but hard-to-eat bacteria) (Shtonda and Avery 2006) . This suggests that worms remember not only the smell of pathogens but also the satiation status associated with previous conditions.
Temperature as the conditioned stimulus Hedgecock and Russell (1975) observed that well-fed worms thermotax to their previous cultivation temperature (between 158C and 258C) and then move isothermally at that temperature. Using a radial temperature gradient assay (Fig. 4) and laser ablation of identified neurons, Mori and Ohshima (1995) described a neural circuit for thermotaxis, in which they proposed AFD was the major thermosensory neuron, AIY was the interneuron mediating thermophilic movement, AIZ was the interneuron mediating cryophilic movement, and RIA was the 
interneuron integrating the thermo-and cryophilic drives. Others have proposed different models. Ryu and Samuel (2002) monitored the behavior of individual worms in temperature gradients. They observed cryophilic movement and isothermal tracking but found no evidence for a thermophilic drive. Also monitoring individual worms, Yamada and Ohshima (2003) recorded neither thermo-nor cryophilic movement, but Zariwala et al. (2003) saw both. Discrepancies in thermotaxis behavior arise as the result of procedural differences. Importantly, thermophilic migration is not observed upon initial transfer to the gradient, in steep temperature gradients, or if the worm is placed too far from the cultivation temperature (Ito et al. 2006; Jurado et al. 2009 ). However, directed movement up and down temperature gradients can be considered a stable and generalized behavior.
The sensory neurons themselves store a memory of the previous cultivation temperature (Kimura et al. 2004; Kuhara et al. 2008) . AFD responds to thermal stimuli above a threshold temperature, which is dependent upon the cultivation temperature, e.g., 158C, 178C, and 218C for animals cultivated at 158C, 208C, and 258C, respectively ). Thermal upshifts above the threshold temperature increased intracellular calcium, while downshifts decreased intracellular calcium . By severing the dendrite, Clark et al. (2006) showed that a memory of cultivation temperature was stored in the sensory ending of AFD. Downstream from thermosensation, the DGK-3 diacylglycerol kinase appears to be acting in AFD as a thermal memory molecule modulating the temperature range of synaptic output , and the neuron-specific calcium sensor, NCS-1, functions in AIY to mediate isothermal tracking (Gomez et al. 2001) . Olfactory neuron AWC has recently been included as a secondary thermosensory neuron (Biron et al. 2008; Kuhara et al. 2008) . Depending on the specifics of the experimental procedure, AWC was shown to respond either deterministically to thermal stimuli above a threshold temperature corresponding to the cultivation temperature (Kuhara et al. 2008) or stochastically with calcium events whose frequency was stimulus correlated in a manner dependent upon cultivation temperature (Biron et al. 2008) . The response properties of AFD and AWC provide a cellular correlate for the memory of previous cultivation temperature.
Importantly, temperature preference can be modified via classical conditioning. In 1975, Hedgecock and Russell reported that worms in starved or overcrowded colonies actually dispersed from their cultivation temperature, presumably due to a learned association between temperature and a lack of food. Although starvation had no effect on the response properties of the AFD sensory neurons, it led to decremented thermal-induced calcium responses in the AIZ interneurons (Kodama et al. 2006) . To investigate the molecular mechanisms underlying thermosensory conditioning, Mohri et al. (2005) performed a genetic screen looking for mutants that failed to avoid cultivation temperatures paired with starvation. One of their mutations mapped to ins-1 (Kodama et al. 2006) . Opposite of its role in salt conditioning (discussed above), INS-1 was found to antagonize DAF-2 insulinlike signaling in thermosensory associative learning (Kodama et al. 2006) . Calcium imaging experiments showed that INS-1 was required for the starvation-induced inhibition of AIZ, as was TAX-6, an ortholog of calcineurin A (Kodama et al. 2006; Kuhara and Mori 2006) . Taken together, these studies suggest that thermosensory neurons store a memory of cultivation temperature, but a neuroendocrine system acts in the interneurons to modulate the circuit in response to feeding state. Although many researchers consider this thermotaxis behavior to be associative learning, an alternative hypothesis is that worms store a memory for cultivation temperature, but ignore this memory in the absence of food (Chi et al. 2007 ). Further studies using appropriate experimental conditions and controls are required to distinguish between these hypotheses.
Oxygen as the conditioned stimulus Cheung et al. (2005) showed that oxygen preference could also be altered by experience. Challenged in an oxygen gradient of 0% -21%, worms reared under standard laboratory conditions accumulated at 5%-12% O 2 ; but after cultivation with food for 4 -6 h at low O 2 levels (1%), worms preferentially migrated to 0% -7% O 2 . The altered aerotaxis behavior seems to have resulted from a learned association of low O 2 levels with food because worms cultivated without food for 6 h at 1% O 2 continued to accumulate at 5%-12% O 2 . AQR, PQR, and URX are the primary sensory neurons mediating aerotaxis. They coexpress five soluble guanylate cyclases (Yu et al. 1997; Cheung et al. 2004; Gray et al. 2004) , heme-binding proteins that can interact with gases via the heme iron. While naïve gcy-35 and gcy-36 mutants had altered aerotaxis behavior, gcy-32 and gcy-34 mutants were largely normal, except that they could not change their behavior with experience, implicating GCY-32 and GCY-34 in oxygen-mediated learning.
Imprinting
Imprints are long-term memories formed during specific stages of development or physiological states. Remy and Hobert (2005) demonstrated that C. elegans form an olfactory imprint of their surroundings in the period after hatching. Larval exposure to certain odorants influenced adult behavior upon re-exposure; i.e., the imprinted odorants became more attractive and induced egg-laying. This behavioral plasticity qualifies as imprinting because memory acquisition was restricted to the first larval stage and was not expressed until worms became egg-laying adults. Only odorants sensed by AWC olfactory neurons could be imprinted. Although AWC senses multiple odorants, Remy and Hobert (2005) showed the imprint to be odorant and even concentration specific. Imprint formation required that the odorant be predictive of food, as no imprint was formed if an odorant was presented in the absence of food. Therefore, imprinting allows C. elegans to remember smells that predicted food when they hatched. They can use this memory to deposit their own eggs at similar smelling sites. This behavior is mediated by the AIY interneurons, which are postsynaptic to AWC. The G protein-coupled seven-transmembrane receptor, SRA-11, functions in AIY to store the imprint by some yet unknown mechanism.
As in mammals, ethanol exposure causes dose-dependent depressive effects on the behavior of C. elegans (locomotion and egg-laying), and intoxication occurs at about the same internal ethanol concentration (Davies et al. 2003) . Ethanol is aversive to naïve worms, but Lee et al. (2009) showed that it becomes attractive after a 4-h pre-exposure. Both dopaminergic and serotonergic signaling mediate this effect, as cat-2 (tyrosine hydroxalase) and tph-1 (tryptophan hydroxylase) loss-of-function mutants failed to develop a preference for ethanol. In mammals, chronic ethanol intoxication can lead to tolerance and increased consumption. In worms, Lee et al. (2009) found that chronic exposure to ethanol during development resulted in an even stronger preference for ethanol in adulthood. Thus, early experience can alter behavioral preference for odorants and intoxicants.
Genes mediating learning in more than one paradigm
Using both forward and reverse genetics, several genes have been identified that are required for learning in multiple paradigms, without being required in neurodevelopment or primary sensory or signal transduction. These genes are the focus of this section.
glr-1
Described in this review in the section on nonassociative learning, glr-1 encodes an AMPA-type ionotropic glutamate receptor subunit. It was first implicated in a learning paradigm by Morrison and van der Kooy (2001) . Taking a candidate gene approach, they showed that glr-1 mutants were impaired in olfactory associative learning but responded normally to both the conditioned stimulus and the unconditioned stimulus. Similar to the reduction in size of GLR-1::GFP clusters associated with long-term mechanosensory habituation (Rose et al. 2003 ; discussed above), GLR-1::GFP clusters were also smaller following olfactory starvation conditioning (exposure to either the unconditioned or conditioned stimulus alone had no effect) (Stetak et al. 2009 ). This decrease was dependent upon MAGI-1.
magi-1
Previously discussed in the section on long-term mechanosensory habituation, MAGI-1 is homologous to mammalian MAGI/ S-SCAM, a multi-PDZ domain synaptic scaffolding protein that interacts with several postsynaptic signaling proteins. Stetak et al. (2009) showed that magi-1 mutants responded normally to volatile and water-soluble cues, as well as starvation but were impaired in the olfactory, gustatory, and thermosensory starvation conditioning assays. Their data suggest that MAGI-1 functions in RIA during associative learning to induce synaptic remodeling of AVA, AVD, and AVE and then functions in AVA and AVD during memory consolidation.
casy-1
In a genetic screen for NaCl conditioning mutants, Ikeda et al. (2008) identified casy-1 mutants. casy-1 encodes a calsyntenin/ alcadein ortholog (type I transmembrane proteins with two extracellular cadherin domains). Although it is expressed throughout the nervous system and other tissues, casy-1 expression in ASER was necessary and sufficient for NaCl conditioning ( Fig. 3 ; Ikeda et al. 2008) . Ikeda et al. (2008) demonstrated that the ectodomain of CASY-1 was the only part of the protein required for NaCl conditioning and that it was cleaved and released from neurons. They propose that the ectodomain of CASY-1 modulates learning as a signaling molecule; but because NaCl conditioning required CASY-1 in ASER, the signal must be acting locally, perhaps on ASER itself. CASY-1 functions parallel to the insulin pathway in salt conditioning, as casy-1;ins-1 doublemutants had a more severe learning defect than either single mutant (Ikeda et al. 2008) . casy-1 mutants were also impaired in olfactory and thermosensory starvation conditioning assays (Ikeda et al. 2008; Hoerndli et al. 2009 ). In olfactory conditioning, casy-1 appears to be acting in a glr-1 pathway (Hoerndli et al. 2009 ), as the glr-1;casy-1 double-mutant was as impaired as either single mutant. Furthermore, glr-1 overexpression rescued the learning defect of casy-1 mutants.
asic-1
Gated by protons and sensitive to amiloride, acid-sensing ion channels (ASICs) belong to the family of degenerin/epithelial sodium channels. The role of mammalian ASIC-1 in learning (Wemmie et al. 2002 (Wemmie et al. , 2004 prompted Voglis and Tavernarakis (2008) to study its C. elegans homolog. They found that asic-1 mutants were impaired in isothermal tracking as well as associative learning assays pairing chemosensory cues with food or starvation. They localized ASIC-1 to the presynaptic terminals of the eight dopaminergic neurons (CEPVL/R, CEPDL/R, PDEL/R, and ADEL/R) and demonstrated that asic-1 mutants had a decreased rate of dopamine release. Olfactory starvation conditioning correlated with an increased rate of dopamine release that was disrupted in asic-1 mutants (Voglis and Tavernarakis 2008) .
hen-1
In an assay devised to study the integration of two sensory signals, worms must cross an aversive Cu þ2 barrier to get to a point source of an attractive odorant (Ishihara et al. 2002) . Ishihara et al. (2002) conducted a genetic screen with this assay and identified a mutant they named hen-1, for its hesitation in crossing the aversive barrier. In addition to its signal integration phenotype, hen-1 mutants were impaired in salt and thermosensory starvation conditioning (Ishihara et al. 2002) . Expressed in ASE and AIY, hen-1 encodes a novel small secreted protein that functions non-cell-autonomously (Ishihara et al. 2002) .
Conclusion
The deterministic development of the worm's nervous system would seem to limit its usefulness as a model to study behavioral plasticity, but time and again the worm has demonstrated its extreme sensitivity to experience-every sensory modality studied can mediate learning. Thus, its deterministic development becomes its greatest asset, as researchers can study behaviors, neurons, and genes in a population of animals with essentially the same "brain." The power of C. elegans as a genetic model has led to considerable insights into the cellular and molecular mechanisms underlying learned behaviors. Of particular interest are those genes with no detectable role in the development or primary functioning of neurons, but which are required for learning in multiple paradigms, i.e., asic-1, casy-1, glr-1, magi-1, and hen-1. It will be interesting to determine how these genes and their pathways interact, as many of the mechanisms underlying learning and memory appear to be conserved. For example, mammalian ASIC-1 is involved in learned fear (Wemmie et al. 2004) , and a SNP in casy-1 ortholog, calsyntenin-2, has been linked to human memory performance (Papassotiropoulos et al. 2006) .
Work with C. elegans confirms the importance of learning and memory to survival: Even this relatively small organism shows a large number of degrees of freedom in adapting its behavior to reflect its experience. Thus far, the only limit to worm learning in the laboratory seems to be the creativity of researchers in designing assays to evaluate performance.
